. Foxtail millet wasthe most sensitive of the three millets to saflufenacil.
Among experimental sites, saflufenacil at 36 g ha -1
injured foxtail millet 59 to 99% and reduced plant stands 41 to 95%; nearly all plants died at 100 g ha -1
. Despite early season foliar injury and up to 36% stand reduction, fodder or grain yields of proso and pearl millets were not reduced by any rate of saflufenacil compared to untreated controls. Additional trials were conductedat four locations in Kansas, Nebraska and South Dakota in 2010 and 2011 to refine saflufenacil use rate (36 and 50 g ha -1 ) and application timing [14 days early preplant (EPP); 7 days preplant (PP); and PRE] for use in proso and pearl millets. Saflufenacil applied EPP or PP, regardless of rate, caused up to 21 and 6% foliar injury and up to 21 and 9% plant stand reduction in proso and pearl millets, respectively. However, yields were not reduced by EPP or PP treatments in either milletcrop. PRE applications of saflufenacil caused the highest crop injury and stand reduction in both millets. Saflufenacil PRE at 36 g ha -1 caused up to 57 and 40% foliar injury and up to 42 and 24% stand reductions in proso and pearl millets, respectively; however, yields were not affected. Comparatively, saflufenacil PRE at 50 g ha -1 reduced yields of proso and pearl millets 36 and 52%, respectively, on sandy loam soilswith high pH (8.3) and low organic matter content (1.1%).Overall, results indicated that foxtail millet lacks tolerance to saflufenacil, but up to 50 g ha
of saflufenacil maybe safely applied as near as 7 days before planting proso or pearl millets. If situation
Introduction
Millet is a general term used for several small-seeded summer annual grass crops. Pearl millet (Pennisetum glaucum (L.) R. Br.), proso millet (Panicum miliaceumL.), and foxtail millet (Setaria italica L.) are the three millet types most commonly grown in the U.S. All three crops are well adapted to semiarid regions of the U.S. central Great Plains. Foxtail and pearl millets are primarily grown for forage and proso millet is primarily grown for grain, which is used in bird and livestock feed. Reasons for proso millet not being extensively used for forage are pubescence on leaves and stemsthat can cause irritation to livestock and lower leaf-to-stem ratio compared to other millets grown for forage. However, proso millet grain has higher feed value for livestock than corn or sorghum (Luis et al. 1982) . Proso millet is often grown as a catch crop after main crop failure. It was planted on 137,000 ha in the U.S. in 2012 (USDA-NASS, 2013). Proso millet is produced mainly in Colorado, Nebraska and South Dakota, with Colorado typically producing over 50 percent of the U.S. crop. Unofficial estimated U.S. area planted to pearl millet for forage is 600,000 ha, whereascurrent statistics on planted hectares are not available for foxtail millet.
Weeds are the major production problem in millets (Hanna et al., 2004 , Grabouski, 1971 Saflufenacil, a protoporphyrinogen IX oxidase (PPO)-inhibiting herbicide with both foliar and soil activity, belongs to the pyrimidinedione herbicide family (Grossman et al., 2010) .Exposure of susceptible plants to saflufenacil results in bleaching of chloroplasts, tissue necrosis, growth reduction, and plant death. Saflufenacil was registered in the U.S. in 2010 for preplant burndown and preemegence control of many broadleaf weeds in several crops including corn, soybean, cotton, grain sorghum, and rice, and for crop desiccation (Grossmann et al. 2011 ).
Averaged across species in a greenhouse study, Geier et al.(2009) Jenks et al. 2008 , Liebl et al. 2008 , Owen et al. 2011 . Moreover, it is safe to many crops when applied PRE (Soltani et al. 2009 , Soltani et al. 2010 , Camargo et al. 2011 . In Canada, saflufenacil PRE at 50 to100 g ha -1 caused almost no visible injury and had no adverse effect on plant height or yield of spring small grains such as barley, oats, and wheat, but POST application of saflufenacil resulted in unacceptable crop injury and yield loss (Sikkema et al. 2008 ).
Little work has been reported on proso millet tolerance to saflufenacil and no literature is available on foxtail millet or pearl millet tolerance. Lyon and Kniss (2010) reported that saflufenacil, averaged across rates of 50 and 100 g ha
, reduced proso millet stand establishment by 23 and 33% when applied 7 to 14 days PP and PRE, respectively; however, yields were not reduced. They concluded saflufenacil applied at a rate up to 100 g ha -1 EPP or 50 g ha -1 PRE may be used safely in proso millet on soils with surface pH of <7.8.
The objectives of this study were 1) to compare the tolerance of foxtail, proso, and pearl millets to soil-applied saflufenacil and 2) to determine suitable use rates and application timings for each crop.
Materials and Methods

Year I
Field trials were conducted in 2009 nearHays, Kansas (KS), Beaver Crossing, Nebraska (NE1), and Scottsbluff, Nebraska (NE2) in the central USA to evaluate the tolerance of foxtail millet, proso millet, and pearl millet to saflufenacil PRE at 36, 50 and 100 g aiha -1
. Soil characteristics, millet varieties, seeding rates and dates, plot sizes, andherbicide application dates for each experimental site are shown in Table 1 . Experimental design for each crop was a randomized complete block with four treatment replications. Crop row spacing was 30 cm at KS, 20 cm at NE1 and NE2, and 15 cm at SD. Herbicides were applied in water immediately after planting using CO 2 -powered backpack or tractor-mounted plot sprayers calibrated to deliver 140 to 187 L ha −1 at spray pressures of 221 to 276 kPa. A non-treated control for all three millets was included at each site.
Crop response wasrated visually 14 days after planting (DAP) based on composite visual estimations of foliar injury, growth inhibition and density reduction on a scale of 0 (no injury) to 100 (death ). Plant stand reductions were assessed 18, 25 and 49 DAP at KS, NE1 and NE2, respectively. Percentage stand reductions compared to untreated controls were determined by taking plant counts m -2 in two quadrants in each plot at the KS and NE2 sites and by visual estimation at NE1. Fresh fodder yields of all three millets were determined 55 and 79 DAP at NE1 and NE2 sites, respectively. At KS, fresh fodder yields of foxtail and pearl millets were determined 66 DAP and grain yields of proso millet were determined at maturity. Grain yields of proso millet were adjusted to 14% moisture. Weed control was not assessed.
Years II and III
Field experiments were conducted in 2010 and 2011 atthe same three locations as in Year I (KS, NE1 and NE2) and a fourth location near Brookings, South Dakota (SD) to evaluate the effects of saflufenacil application timing on proso millet and pearl millet tolerance to the herbicide. Soil characteristics of experimental sites, crop and herbicide application information are shown in Table 1 . Treatments include two rates of saflufenacil (36 and 50 g ha ) and three application timings (14 days EPP; 7 days PP; and PRE). In 2010, PP treatments at the NE2 site and EPP treatments at the SD site were not tested. A non-treated control for both crops was included at each site in both years. Experimental design was the same as in Year I. Weed control was not assessed.
Herbicide applications and crop assessments were performed the same as described in Year I. Plant stand reductions were determined 26, 13 and 19 DAP at KS, NE1 and NE2, respectively, in 2010 and 14 and 26 DAP at KS and NE2, respectively, in 2011. Plant stand reduction was not determined at the SD site in either year. Fresh fodder yields of proso and pearl millets at each sitewere determined 48 to 90 DAP in 2010, and 68 to 81 DAP at KS, NE2 and SD sites in 2011.
Grain yields of proso millet, adjusted to 14% moisture, were determined at maturity at KS in 2010 and at KS and NE2 in 2011.
Data were analyzed using the general linear model procedure of the Statistical Analysis System (Statistical Analysis Systems Institute, Cary, NC, USA) and means were separated at the 5% significance level using Fisher's protected LSD. Crop injury percentages were arcsine transformed before analysis, but original values are presented in this paper. The control treatment was omitted from crop injury and stand reduction analyses, but included in analyses of fodder and grain yields. Data are presented by year or experimental site when significant (P ≤0.05) year and or site interactions occurred. In addition, linear regression analyses were done to test the relation between saflufenacil rates and millet injury and yields in 2009.
Where y is an estimation of crop injury or yield, x is saflufenacil rate, a is the intercept and b is the slope.
Results and Discussion
Year I
Rainfall (KS and NE1) or rainfall plus sprinkler irrigation (NE2) within 7 days after treatment (DAT) totalled 36 mm at KS, 18 mm at NE1 and 24 mm at NE2. Response of each millet type to saflufenacil varied considerably among sites. Foxtail millet was severely injured by saflufenacil PRE at all sites at 14 DAP (Table 2 ). Saflufenacil at 36 g ha -1 injured foxtail millet 70,
59
, and 99% at KS, NE1, and NE2, respectively. Saflufenacil at 50 and 100 g ha -1 increased crop injury by 14 and 25 percentage points at KS and 19 and 40 percentage points at NE1, respectively, compared to the 36 g ha -1 rate. At NE2, all saflufenacil rates caused 99% injury.
Proso millet and pearl millet exhibited considerably greater tolerance to saflufenacil than foxtail millet at all sites (Fig. 1) . Across sites, saflufenacil at 36 g ha -1 injured proso millet 10 to 25% and pearlmillet 11 to 19% at 14 DAP. Least-square linear regression analysis indicated a strong positive relationship (R 2 = 0.94 or more) between saflufenacil rate and injury of both millets in all sites (Fig 1) . Highest slope values were observed at NE2 location for proso and pearl millets (0.83 and 0.84, respectively). Compared to 36 g ha -1 rate, the 50 g ha -1 rate increased proso millet injury at KS from 11 to 20% and at NE1 from 10 to 25%. Further increasing saflufenacil rate from 50 to 100 g ha -1 resulted in 40, 69, and 83% injury at KS, NE1 and NE2, respectively. Similarly, pearl millet injury increased to 18, 35 and 25% with 50 g ha -1 rate and 28, 61 and 83% with 100 g ha -1 rate at KS, NE1 and NE2 locations respectively. Analysis indicated that there was significant difference between KS and NE2 regression slopes for proso millet injury (P < 0.05), but there was no significant difference between NE1 and NE2; and KS and NE1
slopes. Also, there were significant differences between KS and NE1; and KS and NE2 slopes for pearl millet injury.
Plant stand reduction also was greatest in foxtail millet due to saflufenacil compared to the other two millets (Table 2 and 3) . Among sites, saflufenacil at 36 g ha -1 PRE reduced foxtail millet stand by 41 to 95% compared to untreated controls. Plant stands were further reduced with increased saflufenacil rate; ≥88% stand loss with 100 g ha
of saflufenacil at all sites. In comparison, plant stand reductions in proso and pearl millets among sites were as much as 8 and 13%, respectively, due to saflufenacil at 36 g ha -1 and as much as 36% stand loss at 100 g ha -
1
.
Fodder yields (wet weight) of foxtail millet varied greatly among sites (Fig. 2) . Linear regression analysis indicated a strong negative relation (R 2 = 0.92 or more) between saflufenacil rate and fodder yields of foxtail millet. The slope values were 221, 239 and 79 kg ha -1 of fodder yield per gram of saflufenacil at KS, NE1 and NE2, respectively. As evidenced from figure 2, analysis indicated that there was no significant difference between KS and NE1 regression slopes. Saflufenacil at 36 g ha -1 reduced fodder yields of foxtail millet by 30 and 50% at the KS and NE2 sites, respectively, compared to untreated controls. Fodder yield losses across sites ranged from 29 to 75% and 74 to 100% with 50 and 100 g ha -1 rates, respectively.
Unlike foxtail millet, fodder yields of pearl and proso millets were not reduced by any rate of saflufenacil at any site despite significant stand losses at the 100 g ha -1 rate in both crops (Table   3) . Furthermore, at the KS site, proso millet grain yields were higher for all saflufenacil treatments compared to the untreated control, presumably because of high Southwestern cupgrass [Eriochloa gracilis (Fourn.) A.S. Hitch.] density and good control at this site (control data not shown). Grain yield was higher at the 36 g ha -1 rate than the 50 or 100 g ha -1 rates.
Results of these experiments indicated that foxtail millet was the most sensitive to saflufenacil of the three millets tested. Foxtail millet was essentially killed (≥95% injury and >85% stand reduction) by saflufenacil at 100 g ha -1
. Despite early season injury and stand reductions, there was no yield reduction in proso or pearl millets treated with saflufenacil PRE up to 100 g ha -1
. These results indicated that saflufenacil has potential for use in proso and pearl millets, but additional studies were needed to refine use rates and evaluate the effects of preplant application timings on crop safety.
Years II and III
Saflufenacil at 36 or 50 g ha -1 caused ≤6% foliar injury to proso millet at 3 of 4 sites (Table   4 ) and ≤6% injury to pearl millet at all sites when applied EPP or PP (Table 5) . Those treatments injured proso millet 17 to 21% at the KS site, where in both years 20 mm to as much as 54 mm rainfall and/or sprinkler irrigation was received within four days after each application. In most instances injury to both proso and pearl millets was greatest when saflufenacil was applied PRE, especially at the NE2 site in 2011, which received ~30 mm rainfall and irrigation prior to crop emergence. Abundant rainfall and/or irrigation soon after herbicide applications coupled with coarse soil texture at NE2 and high soil pH (≥8.0) and low organic matter content (1.1-1.6%) at both KS and NE2 sites likely explain the greater crop injury observed at those sites compared to the NE1 and SD sites. Plants of both proso millet and pearl millet not killed by saflufenacil recovered within 3 to 4 weeks and grew normally.
Proso millet and pearl millet plant stands were not reduced by any saflufenacil treatment at the KS site in either year or at the NE2 site in 2010 (Tables 6 & 7) . At NE1 in 2011, proso millet stand was not reduced by saflufenacil treatments, but pearl millet stand was reduced 23-24%
with PRE treatments. Conversely, at NE2 in 2011 saflufenacil PRE reduced proso millet stand 50 ± 8% and caused up to 30% pearl millet stand loss; however, the latter was not significant. In no instance did stand loss differ between saflufenacil rates. The foliar injury and stand loss caused by saflufenacil PRE treatments at NE2 in 2011 was reflected in 36 and 52% lower proso and pearl millets fodder yields, respectively, compared to untreated controls (data not shown). Crop yields in other sites were not negatively affected despite early season injury or stand loss.
Among experimental sites, the magnitude of overall crop injury due to saflufenacil application was highest at NE2. This site had higher soil pH (7.9 to 8.3) and lower organic matter (OM) content (≤1.1%) than the other sites. Saflufenacil has a water solubility of 30 mg L -1 at pH 5.0, and 2100 mg L -1 at pH 7 (Anonymous, 2008) , which means increased saflufenacil bioactivity with increased soil pH. Bioactivity of many herbicides is inversely correlated with the OMcontent of the soil as the sorption of herbicides increase with increased soil OM (Grover 1966; Parochetti 1973; Weber et al. 1974 ). This explains the reason behind higher crop injury at the NE2 site. Lyon and Kniss (2010) also reported increased proso millet injury with saflufenacil in soils with high pH and low organic matter.
This study found that foxtail millet is considerably more susceptible to soil-applied saflufenacil than proso millet or pearl millet. Saflufenacil PRE at rates as low as 36 g ha -1 reduced foxtail millet stand establishment and fodder yield. These negative crop effects were magnified on coarse-textured soils with high pH and low organic matter content. We conclude the risk of crop injury is too high to consider registering saflufenacil for use in foxtail millet.
Minor crop response (<10%) was observed in proso millet and pearl millet grown on soils with pH <7 and greater than 2% organic matter content when saflufenacil was applied 7 or 14 days preplant. Greater crop response occurred with preplant treatments on high pH (≥8.0) and low organic matter (≤1.6%) soils but injured plants recovered in 3 to 4 weeks, grew normally, and yields were not reduced compared to non-treated controls. In comparison, PRE-applied saflufenacil caused considerably higher crop injury and plant stand reductions than preplant applications in all but the SD site in 2011, where no injury was observed. As with preplant applications, greatest injury was at sites with high soil pH and low organic matter content. When these characteristics were coupled with coarse soil texture and rainfall prior to crop emergence, significant yield losses resulted in both crops.
We further conclude that saflufenacil up to 50 g aiha -1 can safely be applied 7 or more days preplant to proso or pearl millets on medium-or fine-textured soils with neutral or acidic pH and greater than 2% organic matter content. If it is necessary to apply saflufenacil PRE, rate should not exceed 36 g ha
; some early season crop injury may occur.
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